The cytokines GM-CSF and IL-5 are thought to possess largely divergent functions despite a 25 shared dependence on the common beta (βC) chain to initiate signaling. Although IL-5 is part of 26 the core type 2 cytokine signature and is required for protection against some helminths, it is 27 dispensable for immunity to others, such as Heligmosomoides polygyrus bakeri (H. polygyrus). 28 Whether this is due to compensatory mechanisms is unclear. The transcription factor Bhlhe40 29 has been shown to control GM-CSF production and is proposed to be a novel regulator of T 30 helper type 2 cells. We have found that Bhlhe40 is required in T cells for a protective memory 31 response to secondary H. polygyrus infection. H. polygyrus rechallenge elicited dramatic 32 Bhlhe40-dependent changes in gene and cytokine expression by lamina propria CD4 + T cells and 33 in vitro-polarized TH2 cells, including induction of GM-CSF and maximal production of type 2 34 cytokines including IL-5. βC chain-deficient, but not GM-CSF-deficient, mice rechallenged with 35 H. polygyrus had severely impaired protective immunity. Our results demonstrate that Bhlhe40 is 36 an essential regulator of TH2 cell immunity during helminth infection and reveal unexpected 37 redundancy of βC chain-dependent cytokines. 38 39 42
INTRODUCTION
Helminthic worms are parasites of eukaryotic organisms which manipulate the immune system 41 to establish chronic infections in diverse sites, often resulting in significant tissue damage (1-4). 4 TH2 cells (39) and house dust mite (HDM)-elicited airway TH2 cells (40) have identified 70 Bhlhe40 as a potential regulator of this cell type in vivo. We have also recently described a role 71 for Bhlhe40 in large peritoneal macrophages (LPMs) during type 2 immunity (37). Taken 72 together, these data suggest that Bhlhe40 may regulate type 2 infections, possibly by controlling 73 cytokine production from T cells or via a myeloid cell-intrinsic role. 74 Herein, we have found that Bhlhe40 and the βC chain are essential to protective memory 75 to secondary H. polygyrus infection. Bhlhe40 -/mice exhibited severe defects during rechallenge 76 infection with H. polygyrus and altered intestinal pathology, which were recapitulated in Cd4- 77 Cre + Bhlhe40 fl/fl , but not LysM-Cre + Bhlhe40 fl/fl mice. We defined a helminth-induced gene 78 signature in lamina propria CD4 + T cells, which was disrupted in the absence of Bhlhe40. In 79 vitro-polarized TH2 cells and H. polygyrus-elicited CD4 + T cells from the small intestine lamina 80 propria exhibited Bhlhe40-dependent production of GM-CSF, and Bhlhe40-deficient CD4 + T 81 cells also exhibited reduced production of IL-5 and other cytokines. Secondary infection of 82 Csf2rb -/-, but not Csf2 -/-, mice resulted in severely impaired protective immunity and altered 83 intestinal pathology. Overall, Bhlhe40 serves as a pivotal regulator of the TH2 cell transcriptional 84 response to helminth infection, in part by modulating GM-CSF and IL-5 production, and reveals 85 redundant roles for these cytokines not observed during deficiency of either factor alone. 86 
87

RESULTS
88
Bhlhe40 is required for control of H. polygyrus rechallenge 89 Primary oral challenge of C57BL/6 mice with H. polygyrus results in chronic infection, but 90 rechallenge evokes a protective recall response which limits infection (41). To assess whether 91 5 Bhlhe40 was required for immunity to H. polygyrus, we challenged C57BL/6 Bhlhe40 +/+ and 92 Bhlhe40 -/mice with infective H. polygyrus larvae (L3), cured them by treatment with pyrantel 93 pamoate, and rechallenged them with infective L3. While Bhlhe40 +/+ and Bhlhe40 -/mice 94 exhibited similar parasite fecal egg burdens during primary infection, Bhlhe40 -/mice had a 95 much higher egg burden during secondary infection as compared to Bhlhe40 +/+ mice (Fig. 1A) . 96 While there was a trend towards increased adult worm burden in Bhlhe40 -/as compared to 97 Bhlhe40 +/+ mice after rechallenge (Fig. 1B) , this did not reach statistical significance, indicating 98 that their increased egg burden was primarily due to increased worm fecundity. H. polygyrus- 99 rechallenged Bhlhe40 +/+ and Bhlhe40 -/mice had dramatically different pathology. Type 2 100 granulomas can form around developing parasites and have been correlated with protective 101 immunity (41). Small intestines from Bhlhe40 +/+ mice exhibited many granulomas, while those 102 from Bhlhe40 -/mice resembled healthy tissue (Fig. 1, C and D) . Histological analysis and 103 immunostaining showed reduced immune infiltration and damage to the smooth muscle layer in 104 H. polygyrus-rechallenged Bhlhe40 -/as compared to Bhlhe40 +/+ mice (Fig. 1, E and F) . 105 When we explored the cellular composition of the small intestine lamina propria (SILP) 106 following H. polygyrus rechallenge of Bhlhe40 +/+ mice by flow cytometry, we found both 107 CD45 + CD64 + F4/80 + MHC-II + Ly6Cresident macrophages (42, 43) and another 108 CD45 + F4/80 + CD64 + MHC-II lo Ly6C lo autofluorescent population, which we termed granuloma-109 associated monocytes/macrophages (GMMs) (Fig. 2, A and B) . This latter population may 110 correspond to previously described clodronate-sensitive alternatively activated macrophages seen 111 by immunostaining during H. polygyrus infection (44). SILP CD45 + F4/80 + CD64 -CD11b + SSC-112 A hi eosinophils were also significantly increased after secondary H. polygyrus infection (Fig. 2,   113   A and B and fig. S1A ). However, GMMs and eosinophils were greatly reduced in H. polygyrus- Bhlhe40 is required for a normal CD4 + T cell transcriptional response to H. polygyrus 137 We next asked whether loss of Bhlhe40 dysregulated CD4 + T cell gene expression in response to 138 H. polygyrus rechallenge. To address this, we sorted CD4 + T cells from the SILP of naïve and 139 rechallenged Bhlhe40 +/+ and Bhlhe40 -/mice for gene expression microarrays. By comparing 140 CD4 + T cells from naïve and H. polygyrus-rechallenged Bhlhe40 +/+ mice, we defined a helminth-141 induced signature which included transcripts for cytokines (including Areg, Il3, Il4, Il5, Il6, Il13, 142 Csf1, Csf2, Lif, Tnf, Tnfsf11) , cytokine receptors (including Il1rl1, Il1r2, Il17rb), and 143 transcription factors (including Atf3, Bhlhe40, Gata3, Nfil3, Pparg, Rbpj, Vdr, and Zeb2) (Fig. 144 4A and fig. S2A ). When we assessed Bhlhe40-dependent genes after H. polygyrus rechallenge, 145 we found that a significant majority were part of the helminth-induced signature and that 146 Bhlhe40-dependent genes were distinct in CD4 + T cells from naïve and H. polygyrus-147 rechallenged mice (Fig. 4, B and C and fig. S2 , B and C). When we used gene set enrichment 148 analysis (GSEA) to look for Bhlhe40-dependent gene modules, we noted that two of the most 149 enriched sets in Bhlhe40 +/+ as compared to Bhlhe40 -/-CD4 + T cells after H. polygyrus 150 rechallenge were "growth factor activity" and "cytokine activity," reflecting altered expression 151 of cytokine genes including Areg, Il5, Il6, Il13, Csf1, Csf2, and Lif, but not Il3, Il4, or Tnf (Fig. 4, 152 D and E). Furthermore, when we assessed differential expression of the lineage-specifying S3 ). To assess whether Bhlhe40 was also required for normal cytokine production by 178 a pure population of TH2 cells, we differentiated naïve splenic CD4 + T cells into TH2 cells and 179 restimulated them to assess cytokine production. We found that Bhlhe40 was essential for 180 production of GM-CSF and that loss of Bhlhe40 also impaired in vitro production of type 2 181 9 cytokines ( fig. S4 ). Therefore, these data indicated that Bhlhe40 is required in vitro and in vivo 182 for normal TH2 cell function. 183 As Bhlhe40 is a known repressor of IL-10 (32-34, 36), we also assessed IL-10 production Il13, Nlrp3, and Pparg (47-49). We have also described the CD4 + T cell transcriptome within the 214 SILP during secondary H. polygyrus infection. These data provide unique insight into the CD4 + 215 T cell global transcriptional response to helminths at the site of infection. We found that Bhlhe40 216 is a key regulator of TH2 cell cytokine production. Notably, GM-CSF and IL-5 were markedly 217 stimulated by H. polygyrus rechallenge and this response was Bhlhe40-dependent. In light of 218 these data, we assessed the importance of the βC chain during H. polygyrus rechallenge and 219 found that it was critically required for protective immunity, despite control of secondary H. 220 polygyrus infection during IL-5 blockade (this manuscript and (6)), during GM-CSF blockade, 221 and in Csf2 -/mice. These data support redundant roles for Bhlhe40-dependent βC chain-222 dependent cytokines in protective immunity to H. polygyrus. 223 When we compared differentially expressed transcripts between H. polygyrus-elicited 224 and naive SILP CD4 + T cells, we found a remarkable similarity to the transcriptional profile of 225 11 HDM-elicited airway TH2 cells (Bhlhe40, Cd200r1, Il6, Plac8, Igfbp7) (40), demonstrating 226 significant conservation of the TH2 transcriptional program independent of tissue environment 227 and stimulus. When we assessed whether Bhlhe40 was functionally required in T cells during 228 type 2 immunity, we found that SILP CD4 + T cells activated by H. polygyrus rechallenge 229 required Bhlhe40 for normal expression of many helminth-induced genes and to control helminth 230 rechallenge. We therefore demonstrate for the first time that Bhlhe40 regulates in vivo TH2 cell 231 responses, consistent with a recent screen for novel regulators of in vitro-polarized TH2 cells that 232 identified Bhlhe40 (39). Notably, Pparg expression was reduced in the absence of Bhlhe40, and 233 as PPARγ is required for normal TH2 cell responses and protective immunity to H. polygyrus, 234 this may indicate that some of the effects of Bhlhe40 deficiency are indirect (47,50). Our work 235 and that of others has now established key roles for Bhlhe40 in TH1, TH2, and TH17 cells as a 236 pivotal regulator of GM-CSF, IL-10, and other cytokines (32) (33) (34) (35) (36) 38) . These data and a recent 237 study on c-Maf (51) suggest that T cell production of many cytokines may be controlled by While GM-CSF and IL-5 have long been known to share common signaling through the 242 βC chain, their described functions are largely distinct, with GM-CSF contributing to TH1 and 243 TH17 cell-driven inflammation and IL-5 contributing to type 2 immunity (10, 11, 16, 52) . We 244 have demonstrated that protective memory to a helminth infection unaffected by IL-5 blockade 245 and also insensitive to GM-CSF deficiency is nonetheless dependent on the combination of GM-246 CSF and IL-5 signaling through the βC chain. It remains to be determined how GM-CSF and IL-247 5 compensate for each other, whether by direct substitution or via effects on distinct arms of the 248 12 type 2 response. While redundancy between βC chain family cytokines is not well described, it is 249 known that these cytokines can regulate eosinophils in a complementary manner (53). Future 250 studies should establish whether GM-CSF and IL-5 are collectively involved in protective 251 immunity to other helminth infections. As βIL3 chain-dependent IL-3 signaling is preserved in 252 Csf2rb -/mice (13, 14) , it is also of interest to establish whether additionally blocking IL-3 results 253 in a more severe defect in immunity to H. polygyrus than is observed in Csf2rb -/mice. IL-3 254 regulates basophilia in response to H. polygyrus and basophils help control infection with this 255 helminth (54, 55), suggesting that IL-3 is likely important for control of H. polygyrus infection. The reaction was stopped with 1 M H3PO4. Samples were analyzed on an iMark microplate 329 reader (BioRad). For cytokine ELISAs, standard curves were generated with purified cytokines. 330 For the IgG1 ELISA, serum was diluted between 10 -2 and 10 -8 and the last well with an OD450 331 above 0.100 represented the titer. ELISA reagents are listed in Table S1 . 332 To generate H. polygyrus lysate, adult worms collected as above were washed repeatedly 333 in PBS, and ground in a Dounce homogenizer in 1 mL of PBS. Debris was then pelleted by 334 centrifugation at 16,000 g for 20 minutes at 4 ⁰C. The supernatant was passed through a 0. The proximal 6 cm of the small intestine were formed into a swiss roll (57) and were frozen in 341 OCT media. 10 μm cryosections were cut using a Leica CM1950 cryostat. For hematoxylin and 342 eosin staining, sections were fixed in 4% PFA, washed, and stained. For immunofluorescent 343 staining, sections were fixed in acetone, washed, and blocked with CAS-Block (Invitrogen). 344 Staining was performed with Cy3-anti-α-smooth muscle actin (clone 1A4, Sigma) and 345 AlexaFluor647-anti-F4/80 (clone BM8, BioLegend) diluted in CAS block, followed by washing. Table S1 . 374 Gating of cell populations was as follows (all analysis pre-gated on FSC/SSC followed 375 by a FSC-W/FSC-A singlet gate). SILP macrophages were gated as CD45 + F4/80 + CD64 + MHC-376 II + Ly6C -, while GMMs were gated as CD45 + F4/80 + CD64 + MHC-II lo Ly6C lo . SILP eosinophils 377 were gated as CD45 + F4/80 + CD64 -CD11b + SSC-A hi , and this approach was validated in some 378 experiments with Siglec-F staining. SILP CD3 + T cells were gated as CD45 + F4/80 -CD64 -CD19 -379 CD3 + . SILP CD4 + T cells were gated as CD19 -F4/80 -TCRβ + CD4 + CD8 -. LPMs were gated as 380 CD115 + CD11b + ICAM2 + MHC-II lo . Peritoneal eosinophils were gated as Siglec-F + ICAM2 -. 381 Peritoneal CD4 + T cells were gated as ICAM2 -TCRβ + CD4 + CD8 -. Mesenteric lymph node CD4 + 382 T cells were gated as CD19 -TCRβ + CD4 + CD8 -.
384
Intracellular staining for flow cytometry 385 For intracellular cytokine staining of T cells, total SILP, peritoneal, and mesenteric lymph node 386 cells were cultured at 0.5-1 million cells/well in a 96 well V-bottom non-tissue culture-treated 387 plate for 3-4 hours at 37 °C with 8% CO2 in the presence of PMA (50 ng/ml), ionomycin (1 μM), 388 and brefeldin A (1 μg/ml) in cIMDM. Cells were then surface stained and fixed with 4% 389 paraformaldehyde (PFA). Cells were then washed with FACS buffer and stored overnight. To Genes with an expression value of >5 (in log 2 scale) in at least one replicate were considered 409 expressed. For generation of lists of differentially expressed genes at a ≥2-fold differential 410 expression cutoff between groups, p-value significance of ≤0.01 by the moderated t-test was also 411 required. Morpheus was used to generate heatmaps (software.broadinstitute.org/morpheus/). The Table S1 . Antibodies and fluorescent dyes. Interleukin-5-Dependent Mechanisms. J. Infect. Dis. 190, 427-429 (2004) . 477 13. M. Dougan, G. Dranoff, S. K. Dougan, GM-CSF, IL-3, and IL-5 Family of Cytokines: 478 Regulators of Inflammation. Immunity 50, 796-811 (2019) . 479 14. Robb, L., Drinkwater, C.C., Metcalf, D., Li, R., Kontgen, F., Nicola, N.A., Begley, C.G., 480 Hematopoietic and lung abnormalities in mice with a null mutation of the common beta 481 subunit of the receptors for granulocyte-macrophage colony-stimulating factor and 482 interleukins 3 and 5. Proc. Natl. Acad. Sci. U. S. A. 92, 9565-9569 (1995) . 
